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A density functional theory (DFT) and atoms-in-molecules (AIM) analysis has been applied to the
intramolecular hydrogen bonding in the enol conformers of malonaldehyde and its fluoro-, chloro-, cyano-,
and nitro-substituted derivatives. With the B3LYP/6-311++G(2d,p) method, good agreement between the
DFT geometries and published experimental structures has been found. The donor-acceptor distance was
also varied in a series of constrained optimizations in order to determine if energetic, structural, and topological
trends associated with intermolecular hydrogen bonding remain valid in the intramolecular case. At very
short donor-acceptor distances (<2.24 Å), the hydrogen is symmetrically located between donor and acceptor;
at distances longer than this, the hydrogen bonding is no longer symmetric. The AIM methodology has been
applied to explore the topology of the electron density in the intramolecular hydrogen bonds of the chosen
model systems. Most AIM properties for intramolecular hydrogen bond distances longer than 2.24 Å show
smooth trends, consistent with intermolecular hydrogen bonds. Integrated AIM properties have also been
used to explore the phenomenon of resonance-assisted hydrogen bonding (RAHB). It is shown that as the
donor-acceptor distance is varied,π-electron density is redistributed among the carbon atoms in the
intramolecular hydrogen bond ring; however, contrary to prior studies, the integrated atomic charges on the
donor-acceptor atoms were found to be insensitive to variation of hydrogen-bonding distance.

Introduction

The importance of the hydrogen bond cannot be overstated.
Its chemical properties have both subtle and profound influences
on the essential chemistry of life, crystal packing and engineer-
ing, self-assembly, solvation, catalysis, chelation, and a host of
other important phenomena. Extensive research has been
devoted to the nature of the hydrogen bond for nearly a century;
only a few notable books and review articles on the subject
may be cited here in this limited space.1-9

The Atoms in Molecules (AIM) theory10 has become a
powerful tool for understanding the properties of hydrogen
bonds.11-14 In the AIM theory, quantum-mechanical principles
are applied to the electron density of a molecule in order to
gain insight into the molecule’s structure and bonding. From
ab initio calculations, Koch and Popelier15 proposed eight
topological criteria for the presence of a hydrogen bond. While
these criteria have been found to be valid for the vast majority
of hydrogen-bonding complexes between donor and acceptor
moieties in their equilibrium geometries, comparatively little
is known about how these properties evolve as the donor-
acceptor distance (R) is varied. Pacios and co-workers studied
the topological properties at the B3LYP/6-311++G(d,p) level
and MP2/6-311++G(d,p) level, as a function ofR, on inter-
molecular, singly hydrogen-bonded systems such as (HF)2,
(H2O)2, and water-methanol complexes, and on intermolecular,
doubly hydrogen-bonding systems in a cyclic arrangement, such
as formic acid dimer, formamide dimer, and the formamide/

formic acid complex.16-20 Espinosa et al. also studied the very
strong hydrogen bond in HF2

- as a function of the F‚‚‚F distance
at the MP2/6-311++G** level.21 From these calculations,
despite the diversity of hydrogen bonds studied, several common
themes emerged. (1) As the donor/acceptor fragments are
brought together from infinite separation and approach “typical”
hydrogen-bonding distances, the topological properties of the
complex exhibit the characteristic values associated with
hydrogen bonding, consistent with the Popelier criteria. (2)
However, these criteria are nevertheless satisfied for a wide
range of donor-acceptor distances, even relatively far from
equilibrium. (3) In general, extrema in the topological properties
do not correspond to equilibrium donor-acceptor configurations.
(4) As R decreases even further, there is a smooth transition
from hydrogen bonding to covalent bonding, with no discon-
tinuities recorded in the key topological properties. This can
only mean that hydrogen bonds, at least as far as the electron
density is concerned, represent a distribution of points along a
continuum of bonding interactions.

However, to the best of the author’s knowledge, with the
exception of one study focusing mainly on energetics,22 no
comprehensive, nonequilibrium topological studies have been
conducted on systems containing an OH‚‚‚O intramolecular
hydrogen bond (IHB). It is the primary purpose of this study to
extend the topological analysis of hydrogen-bonding systems,
as a function of donor-acceptor distance, to intramolecular
O-H‚‚‚O hydrogen bonds. The model compound chosen for
this study was thecis-enol tautomer of malonaldehyde (Figure
1). Malonaldehyde represents a prominent archetype for the
O-H‚‚‚O IHB. Numerous experimental23-32 and theoretical33-50
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studies have been devoted to exploring its hydrogen bond,
usually with an aim toward understanding the dynamics
associated with proton transfer. Certainly, one reason why
malonaldehyde has enjoyed intensive theoretical study is because
of the availability of a very accurate experimental value for the
tunneling splitting30 and because of its relatively small size,
enabling advanced theoretical methods to be applied.

It should be noted that there is some controversy with regards
to the use of AIM as a diagnostic tool for understanding bonding
interactions.51,52The application of AIM to certain interactions
has led to counterintuitive results, such as “hydrogen-hydrogen
bonding” between ortho hydrogen atoms in biphenyl53 and
carbon-helium “bonding” in the He@adamantane inclusion
complex.54 Nevertheless, since AIM is in common use for
categorizing such phenomena, especially hydrogen bonding,55

it is important that the results be properly calibrated to include
as many different categories of hydrogen bonds as do reasonably
exist, including intramolecular hydrogen bonds.

Malonaldehyde is also a representative member of a class of
compounds containing a resonance-assisted hydrogen bond
(RAHB). First proposed by Gilli et al.,56,57 the RAHB model
suggests thatπ-electron delocalization between the donor and
acceptor atoms, via the carbon atomπ framework, is responsible
for enhancing the strength of malonaldehyde’s IHB. Because
the AIM methodology enables the calculation of individual
atomic properties such as total electronic charge, another purpose
of this study is to examine in greater detail the RAHB effect
by using AIM-derived results upon hydrogen bond formation.

Finally, while the focus of the study is on malonaldehyde, to
examine the substituent effect on the hydrogen bond, four
R-substituted derivatives of malonaldehyde were also chosen
for study: the fluoro, chloro, cyano, and nitro derivatives. These
were chosen because they are symmetric with respect to the
hydrogen bond, thereby enabling the donor and acceptor oxygen
atoms to remain equivalent in terms of proton affinity. It has
been known for quite a while that strong hydrogen bonds tend
to result when the donor and acceptor atoms have equal proton
affinities. While Lluch et al. have shown that this is not an
absolute requirement,58 nevertheless, the complications arising
from proton affinity mismatch have been eliminated from this
study, thereby enabling the effect of the substituent to be on
the hydrogen bond as a whole, and not on the donor or acceptor
atom specifically.

Theoretical Methods

All electronic structure calculations were performed employ-
ing density functional theory (DFT), using the B3LYP
functional59-61 and the 6-311++G(2d,p) basis set, as imple-
mented in the GAMESS ab initio software package.62 The DFT
integration grid employed wasr ) 96,θ ) 36, andφ ) 72. To
locate the equilibrium structures of the molecules studied in
this work, geometries were optimized until each member of the
gradient vector fell to less than 10-6 au. A normal-mode analysis
was conducted to confirm the absence of imaginary frequencies;
this was conducted seminumerically by displacing each atom

by (0.01 bohr along each dimension, calculating the gradient
analytically, and then numerically constructing the Hessian
matrix. The same procedure was used for both thetrans-enol
andcis-enol conformers. For the constrained optimizations, the
molecule was oriented such that O5 was situated at the origin
and O8 was on the positivex-axis; the coordinates of these two
atoms were held fixed while the rest of the molecule was
allowed to relax. In a constrained optimization, false minima
can sometimes emerge; therefore, for each optimization, the
gradient vector was examined to ensure that thex-component
of the gradient vector for O5 was exactly equal and opposite to
the x-component of the gradient vector for O8, with all other
values at or below the 10-6 au threshold. This ensured that the
rest of the molecule was indeed fully relaxed. Topological
properties were calculated with the AIMPAC suite of pro-
grams.63 For the integrated atomic properties, the Laplacian (L)
must equal zero due to the zero-flux boundary condition;
therefore, its calculation on a real grid represents an estimate
of integration error. For all atoms other than H6, L was 10-4 au
or lower; integration over the atomic basin of H6 proved more
challenging because of its involvement in hydrogen bonding.
A finer grid was used for its integration, but even still,L
sometimes approached 10-3 au. All calculations were performed
either on a networked cluster of 24 Pentium IV computers
running Linux or on a 12-node parallel processing server running
Beowulf Linux, both maintained by the Department of Computer
Science and Multimedia Studies at Eastern Oregon University.

Results and Discussion

Equilibrium Structural Properties. Shown in Table 1 is a
comparison of selected structural properties of the equilibrium
structure of malonaldehyde calculated in this work with previous
theoretical results, along with experimental values. Because of
the wealth of published theoretical work available for malonal-
dehyde, only data from comparable levels of theory (e.g., triple-ú
basis sets with polarization and diffuse functions, inclusion of
dynamic correlation) were chosen for comparison. One can see
that the present results are in excellent agreement with prior
results, although the results of ref 64 are a significant outlier.
The calculated values for malonaldehyde are also in substantial
agreement with experiment; bond lengths do not differ by more
than 0.02 Å (with the exception of the O-H bond length, for
which the experimental result is known to be in error65) and
valence angles do not differ by more than 0.6°. In Table 2 is
presented the same structural data for all of the malonaldehyde
derivatives in their equilibrium structures studied in this work.
Unlike malonaldehyde, itsR-substituted derivatives have re-
ceived scant theoretical attention.R-Fluoromalonaldehyde has
been studied previously by Picherri40 at the B3LYP/cc-pVTZ
level; R-chloromalonaldehyde has been studied by Nishimura
et al.66 at the semiempirical level; bothR-fluoro- andR-chlo-
romalonaldehyde have been studied by Grabowski38 at the MP2/
6-311++G** level; andR-nitromalonaldehyde has been studied
by Tayyari et al.67 at the B3LYP/6-311++G** level and by
Buemi and Zuccarello68 at the B3LYP/6-31G** level. To the
author’s knowledge,R-cyanomalonaldehyde has not been
theoretically studied previously. The present results are in
excellent agreement with the previous density functional results,
while the MP2 method tends to overestimate bond lengths
compared to the B3LYP method.

From the structural data, it is evident that the monohaloge-
nated derivatives possess structural characteristics less favorable
for hydrogen bonding, while the cyano and nitro derivatives
have shorter O‚‚‚O distances and elongated O-H bonds

Figure 1. Chemical structures of the molecules studied in this work.
X ) -H, -F, -Cl, -CN, or -NO2.
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compared to those of unsubstituted malonaldehyde, thereby
implying stronger hydrogen bonds. From the structural data on
the IHB ring bonding, it is evident that the cyano and nitro
derivatives also possess more symmetric CC and CO bonding,
which is also consistent with the RAHB model of Gilli et al.56

Finally, the OHO valence angle is not much changed upon
substitution, varying only by 2.3° among the compounds studied,
as its value is determined primarily by the rigid framework
imposed by the six-membered ring instead of by hydrogen bond
stabilization.

Equilibrium Harmonic Vibrational Frequencies. The
calculated harmonic vibrational frequencies associated with the
IHB for malonaldehyde and its derivatives are presented in Table
3, along with the available experimental frequencies for mal-
onaldehyde25 as reassigned in a recent theoretical study.69

Agreement with the available experimental data is good,
considering that calculated harmonic vibrational frequencies tend
to overestimate the experimental values, with the exception of
the OH and O‚‚‚O stretching frequencies due to their strong
anharmonicity. It should be noted that there is significant
resonant coupling among many of the modes associated with
the hydrogen bond;ν(OH) experiences strong resonant coupling
with the enolic CH stretch; and the OH bending and wagging
modes are also strongly coupled to CH bending and wagging

modes, respectively. For this reason, two numbers are listed
for each of these three modes, with the exception ofν(OH) for
nitromalonaldehyde. For this molecule,ν(OH) is so red-shifted
that its frequency is below even that of a typical CH stretch,
and the two modes are no longer significantly resonantly
coupled.

As is well-known in the case of intermolecular hydrogen
bonds, formation of a hydrogen bond tends to give rise to a
red-shift of theν(OH) stretching frequency, compared to a
“typical” OH stretch, with larger red-shifts corresponding to
stronger hydrogen bonds.70,71The situation is necessarily more
complex for intramolecular hydrogen bonds, asν(OH), as well
as other vibrational modes, are strongly coupled to many other
vibrational modes of the molecule, including ones associated
with the acceptor. However, upon inspection of Table 3, we
see that if malonaldehyde is used as a reference point, the same
qualitative trends for intermolecular hydrogen bonds remain
valid for the intramolecular case. For instance, the red-shift of
the ν(OH) frequencies for cyanomalonaldehyde and nitroma-
lonaldehyde are larger than those of fluoromalonaldehyde and
chloromalonaldehyde, which suggests that these IHBs are
stronger than the others, consistent with the structural data of
Table 2. Similarly, the OH wagging frequencies for fluoroma-
lonaldehyde and chloromalonaldehyde are less blue-shifted than
those of cyanomalonaldehyde and nitromalonaldehyde, which
is also consistent with these latter two molecules possessing
stronger IHBs: as the IHB strength increases, one would expect
the hydrogen atom vibrations transverse to the hydrogen-bonding
plane to become “stiffer”, hence the force constants and the
vibrational frequencies should increase.

Equilibrium Energetics. Shown in Table 4 is a summary
of the apparent energy of the hydrogen bond for the five
molecules considered in this work. Unlike the case of intermo-
lecular hydrogen bonds, there is no unique definition for the
energy of an intramolecular hydrogen bond. Many authors have

TABLE 1: Comparison of Selected Structural Properties of the Equilibrium Structure of the cis-Enol Tautomer of
Malonaldehyde with Published Work of a Similar Theoretical Level and with Experimenta

method r(C-C) r(CdC) r(C-O) r(CdO) r(O-H) r(H‚‚‚O) r(O‚‚‚O) R(CCC) R(CdC-O) R(C-CdO) R(C-O-H) ref

MP2/ 6-311G** 1.444 1.365 1.322 1.239 0.991 1.678 2.581 33
MP2/ 6-311G** 0.991 1.682 2.585 124.4 104.7 37
MP2/ 6-311++G** 1.445 1.367 1.324 1.242 0.992 1.687 2.585 38
BLap1/ TZVP 1.431 1.363 1.328 1.250 1.001 1.697 2.595 120.2 123.9 123.6 105.3 50
PLap1/ TZVP 1.435 1.362 1.336 1.251 0.996 1.760 2.638 120.9 124.4 123.8 105.5 50
B3LYP/ TZ2P 1.434 1.362 1.318 1.239 1.002 1.656 2.559 119.4 123.8 123.4 105.8 35
B3LYP/ cc-Pvtz 1.434 1.361 1.317 1.237 1.000 1.673 2.571 119 124 124 106 40
B3LYP/ 6-311G** 1.437 1.368 1.319 1.245 1.007 1.641 2.554 118.9 123.9 123.4 67
B3LYP/ 6-311+G(2d,p) 1.43 1.36 1.32 1.24 1.002 1.670 2.570 123.9 106.1 37
B3LYP/ 6-311++G** 1.438 1.364 1.319 1.238 0.997 1.7 2.587 119.7 124.2 123.3 67
B3LYP/ 6-311++G** 1.457 1.341 1.349 1.214 0.962 64
B3LYP/ 6-311++G(2d,p) 1.435 1.362 1.318 1.239 1.002 1.673 2.572 119.6 123.9 123.4 106.2b
experiment 1.454 1.348 1.320 1.234 0.969 1.68 2.553 119.4 124.5 123.0 106.3 24

a Distance values are in angstroms; angles are in degrees.b This work.

TABLE 2: Selected Structural Properties of the cis- and trans-Enol Conformers of the Five Molecules Studied in This Worka

conformer -X r(C-C) r(CdC) r(C-O) r(CdO) r(O-H) r(H‚‚‚O) r(O‚‚‚O) R(CCC) R(CdC-O) R(C-CdO) R(C-O-H) R(OHO)

cis-enol -H 1.435 1.362 1.318 1.239 1.002 1.673 2.572 119.6 123.9 123.4 106.2 146.9
-F 1.434 1.355 1.324 1.234 0.994 1.740 2.618 122.6 123.0 122.0 107.0 145.0
-Cl 1.440 1.361 1.319 1.234 0.998 1.695 2.582 120.9 123.3 122.2 106.9 145.8
-CN 1.451 1.375 1.305 1.232 1.006 1.643 2.547 119.1 123.4 122.4 106.8 147.0
-NO2 1.444 1.372 1.302 1.234 1.010 1.632 2.541 120.8 122.4 120.9 106.8 147.3

trans-enol -H 1.463 1.344 1.343 1.214 0.964 2.890 126.7 124.1 126.3 110.1
-F 1.462 1.341 1.345 1.211 0.964 2.929 129.7 123.0 125.0 109.8
-Cl 1.471 1.345 1.342 1.209 0.964 2.841 127.0 123.0 124.4 109.8
-CN 1.485 1.357 1.329 1.207 0.965 2.810 125.1 123.3 124.8 110.5
-NO2 1.477 1.354 1.324 1.210 0.966 2.795 126.4 122.9 122.9 110.3

aDistances are in angstroms; angles are in degrees.

TABLE 3: Selected Calculated Harmonic Vibrational
Frequencies Associated with the IHB and a Comparison to
Experimenta

mode description -H -H(exptl)b -F -Cl -CN -NO2

O‚‚‚O stretch 275 282 251 268 284 291
OH wag 928 873 863 895 944 967

1015 981 974 991 1021 1069
OH bend 1387 n/a 1403 1382 1397 1394

1626 1619 1612 1622 1633
OH stretch 3107 2856 3177 3164 3049 2991

3171 2960 3265 3209 3177

a All values are in cm-1. b References 25 and 69.
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devised various methods to estimate the energy of an intramo-
lecular hydrogen bond; the methods adopted in this work are
as follows.

1. Cis/Trans Analysis.In this method, the energy of the
hydrogen bond is taken to be the difference in energy between
thetrans-enol, nonchelated form and thecis-enol, chelated form,
or ∆E of the following reaction.34,43

2. Isodesmic Reactions.In this method, the energy of the
hydrogen bond is determined from∆E of a suitable isodesmic
reaction, such as the following.72

3. Local Potential Energy Density.In this method, the energy
of the hydrogen bond is equal to one-half of the local potential
energy density at the hydrogen bond critical point multiplied
by the atomic volume elementa0

3.73

4. Conformational Analysis.In this method, the energy of
the hydrogen bond is determined from a complex conformational
analysis involving the four possible conformers (ZZ, EZ, ZE,
EE) resulting from rotation of the donor and acceptor groups.74

The ZZ conformer is the lowest energycis-enol form; the EZ
and ZE conformers are formed by rotation of the donor and
acceptor, respectively, about their respective carbon-carbon
bonds; and the EE conformer is formed by rotation of both the
donor and the acceptor about their bonds. Using the notation
of ref 74, the energy of the hydrogen bond is given as follows.

In this equation,EEZ,f (EEE,f) is the energy of the fictitious EZ
(EE) conformer in which the bond lengths are the same as in

the ZZ conformer; andEZZ is the energy of the ZZ conformer
in its equilibrium configuration.

5. Empirical Energy-Geometry Correlations.Many authors
have attempted to establish correlations between energetic and
geometric properties of the intramolecular hydrogen bond; the
one that appears to be the most robust is the exponential
correlation recently found by Musin and Mariam75 in their
detailed examination of a number of IHB compounds, including
some considered in this study, given below.

In this equation,R is the O‚‚‚O distance in angstroms andEHB

is in kilocalories per mole. The negative sign appears before
EHB because, in ref 75, the hydrogen bond energy is defined as
a negative number while in this work it is defined as a positive
number.

As shown in Table 4, there are significant differences between
the five methods for the compounds studied in this work.
Methods 1 and 2, based on∆E values of pseudochemical
reactions, predict that all five molecules should have roughly
the same hydrogen bond energies, while Methods 3 and 5, based
solely on the properties of the individual IHB molecule itself,
predict that the fluoro and chloro derivatives should have weaker
hydrogen bonds, and the nitro and cyano derivatives should have
stronger hydrogen bonds, as compared to malonaldehyde,
consistent with the structural data. Method 4 appears to grossly
underestimate the hydrogen bond energy as compared to the
other methods.

While numerous crystallographic and spectroscopic studies
tend to suggest that strongerintermolecularhydrogen bonds
are generally associated with shorter O‚‚‚O distances, longer
O-H bonds, shorter H‚‚‚O contacts,76,77and red-shiftedν(OH)
frequencies,71 the trend is not so clear-cut forintramolecular
hydrogen bonds.Korth et al. found that for a series of substituted
phenols, there is no clear correlation between the energy of an
intramolecular hydrogen bond and these “typical” features used
to identify the presence of a hydrogen bond.78 The present study
also supports the conclusion by Korth et al. that Method 1, the
cis/trans method, cannot be used to unequivocally distinguish
between strong and weak IHBs. Nevertheless, the preponderance
of the evidence clearly suggests that cyanomalonaldehyde and
nitromalonaldehyde, containing strong electron-withdrawing
groups, have stronger IHBs than the others. This result was also
found by Korth et al.78 by use of solute acidity/solvent basicity
parameters obtained from Abraham et al.79

Nonequilibrium Structural Properties. Presented in Table
5 is a selection of structural properties of malonaldehyde
resulting from its constrained optimization asR is varied. The
corresponding data for the other four molecules are given as
Tables S1-S4 in the Supporting Information. From the data,
one may plainly see that as far as the hydrogen bond is
concerned, there are two distinct regions: At very shortR, the
hydrogen bonding is symmetric. AtRtrans≈ 2.24 Å, the hydrogen
bonding undergoes a transition and becomes asymmetric, with
different values for the O-H and H‚‚‚O distances. These values
then vary smoothly asR increases further. Figure 2 shows the
r(O-H) andr(H‚‚‚O) distances plotted as a function ofR; one
can plainly see the quasilinear increase inr(H‚‚‚O) vs R asR
. Rtrans. It is interesting to note that the O-H distance remains
larger than that of the non-hydrogen-bondedtrans-enol tautomer,
even for donor-acceptor distances as long as 3.3 Å. This means
that the impact of hydrogen bonding is nonnegligible even for
such long distances. The other structural properties also reflect
this general division into two regions: atR < Rtrans, the other

TABLE 4: Calculated Estimates of the Intramolecular
Hydrogen Bond Energy for the Five Molecules Studied in
This Work a

-X EHB
(1) EHB

(2) EHB
(3) EHB

(4) EHB
(5)

-H 13.0 13.1 15.8 9.8 13.9
-F 11.0 11.8 12.6 5.1 11.5
-Cl 12.0 12.0 14.7 4.9 13.3
-CN 12.6 12.5 17.4 8.7 15.4
-NO2 12.8 12.9 18.0 8.2 15.8

a All values are in kcal/mol.

EHB
(1) ) ∆E ) Etrans- Ecis

EHB
(2) ) ∆Eisodesmic

EHB
(3) ) -

a0
3

2
VCP

EHB
(4) ) 1

2
(EEZ,f + EEE,f) - EZZ

-EHB
(5) ) (-5.554× 105) exp(-4.12R)
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bonds in the molecule adopt symmetric values appropriate for
C2V symmetry. This indicates that the O-H-O bonding
interaction in this region may truly be regarded as a 3-center,
4-electron bond. ForR > Rtrans, the symmetry is broken and
the molecule reverts toCs symmetry, which is found for the
equilibrium structure. The transition from symmetric to asym-
metric hydrogen bonding appears at approximately the same
donor-acceptor distance for all five molecules studied. The
hydrogen bonding angle,R(OHO), also reaches a maximum near
Rtrans; at distances larger than this, the angle decreases as the

hydrogen bond interaction becomes weaker. And at distances
shorter than this, the hydrogen atom avoids repulsive interactions
by moving perpendicular to the O‚‚‚O line, thereby diminishing
R(OHO). It should also be noted that the donor-acceptor
distance corresponding to the symmetric-asymmetric hydrogen-
bonding transition, 2.24 Å, is exceptionally short and that no
neutral intramolecular O-H‚‚‚O system has yet been discovered
with an equilibrium donor-acceptor distance that small.

Equilibrium and Nonequilibrium Topological Properties.
As demonstrated by Bader and co-workers, there are two general
categories of topological properties: those which are defined
at specific points in the electron density (local properties)74 and
those which may be acquired by integrating the electron density
over a region of zero flux, corresponding to atomic properties.
In this study, first data associated with topological properties
at critical points will be discussed, followed by integrated
properties over atomic basins.

A. Local Properties.The electron density at a bond critical
point (Fc) is a key topological descriptor of internuclear
interactions, particularly hydrogen bonds. The Popelier criteria
for hydrogen bond formation include the requirement thatFc

for a hydrogen bond (Fc,HB) be within the range of 0.002-0.040
au. Shown in Figure 3 are plots ofFc,HB and the electron density
at the O-H bond critical point (Fc,OH) versusr, the hydrogen
bond distance. The numerical values for these data for all
molecules are given as Tables S5-S9 in the Supporting
Information. The general shape of theFc,HB curve in Figure 4
is that of exponential decay, consistent with recent findings.17,80-89

The first emergence of a hydrogen bond critical point appears
at r ) r(H‚‚‚O) ≈ 2.60 Å; asr decreases,Fc,HB reaches the
minimum threshold for hydrogen bonding, becoming equal to
0.002 au only atr ≈ 2.09 Å. Similarly, in this region,Fc,OH is
only slightly less than its value in thetrans-enol form (0.363
au). Asr decreases further,Fc,HB increases andFc,OH decreases,
as one would intuitively expect;Fc,HB surpasses the maximum
Popelier threshold for hydrogen bonding, 0.040 au, atr ≈ 1.79
Å. Notably, this occurs at an internuclear separation greater than
that of the equilibrium structure (r ) 1.67 Å); at equilibrium,
Fc,HB ) 0.052 au. However, most peculiar are the behaviors of
Fc,HB and Fc,OH at very short internuclear separations. Atr )
rtrans ) 1.15 Å, the two curves coalesce into a single curve.
The plot ofFc,HB vs r remains continuous throughout; however,
this transition between symmetric and asymmetric bonding is
manifested as a discontinuity whenFc,OH is plotted vsr. Thus,
while the present results validate the findings of Pacios and co-
workers,16,17who found a continuous transition from hydrogen
bonding to covalent bonding whenFc,HB is plotted versusr, the

Figure 2. The O-H and H‚‚‚O distances in malonaldehyde as a
function of the O‚‚‚O distance. The solid vertical line represents the
equilibrium structure.

TABLE 5: Selected Structural Properties of Malonaldehyde
Obtained from Constrained Optimization after Holding the
O‚‚‚O Distance (R) Fixeda

R r(C-C) r(CdC) r(C-O) r(CdO) r(O-H) r(H‚‚‚O) R(OHO)

2.16 1.393 1.393 1.274 1.274 1.112 1.112 152.3
2.18 1.393 1.393 1.274 1.274 1.121 1.121 153.0
2.20 1.394 1.394 1.275 1.275 1.130 1.130 153.5
2.22 1.394 1.394 1.275 1.275 1.139 1.139 154.0
2.24 1.394 1.394 1.275 1.275 1.148 1.148 154.5
2.26 1.397 1.392 1.278 1.273 1.142 1.173 154.8
2.28 1.405 1.384 1.287 1.265 1.094 1.244 154.3
2.30 1.410 1.381 1.292 1.260 1.075 1.286 153.8
2.32 1.413 1.378 1.295 1.257 1.061 1.322 153.3
2.36 1.418 1.374 1.301 1.252 1.043 1.386 152.4
2.40 1.422 1.370 1.305 1.249 1.031 1.444 151.4
2.44 1.426 1.368 1.309 1.246 1.021 1.499 150.4
2.48 1.429 1.366 1.312 1.243 1.014 1.553 149.3
2.52 1.432 1.364 1.315 1.241 1.008 1.606 148.3
2.56 1.434 1.362 1.317 1.239 1.003 1.658 147.2
2.60 1.436 1.361 1.319 1.237 0.999 1.710 146.2
2.64 1.439 1.360 1.321 1.236 0.996 1.761 145.1
2.68 1.441 1.359 1.323 1.234 0.993 1.812 144.1
2.72 1.442 1.358 1.325 1.233 0.990 1.863 143.1
2.76 1.444 1.357 1.326 1.232 0.988 1.914 142.0
2.80 1.446 1.357 1.328 1.231 0.986 1.964 141.0
2.84 1.447 1.356 1.329 1.229 0.984 2.015 140.0
2.88 1.449 1.356 1.330 1.228 0.982 2.065 139.0
2.92 1.450 1.355 1.331 1.228 0.981 2.116 138.0
2.96 1.452 1.355 1.332 1.227 0.980 2.167 137.0
3.00 1.453 1.355 1.333 1.226 0.979 2.217 136.1
3.10 1.457 1.354 1.335 1.224 0.976 2.344 133.7
3.20 1.461 1.354 1.337 1.223 0.975 2.470 131.5
3.30 1.464 1.355 1.338 1.221 0.973 2.597 129.3

a Distances are in angstroms; angles are in degrees.

Figure 3. The electron density at the bond critical point for the
hydrogen bond and the O-H bond in malonaldehyde as a function of
r. The solid line represents equilibrium values.
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topological data still reveal a specific point at which the
hydrogen bond becomes symmetric and therefore purely cova-
lent. The fitting coefficients for theFc,HB vs r fit to a simple
exponential function of the formy(x) ) y0 + A exp(-bx), with
y(x) ) Fc,HB andx ) r, are given in Table 6; only data points
with r > rtrans were used in the fit. The fitted data are in good
agreement with the results obtained in ref 84, although such
agreement must be considered fortuitous as there is a great deal
of scatter in the reported literature.

A near-negligible dependence on the nature of the substituent
is manifested in the data of Table 6, as bothA and b remain
nearly constant for all five compounds. Indeed, when plotted,
the five curves visually appear to superimpose on one another.
Thus, the present findings support the conclusion that the
electron density at the hydrogen bond critical point is a very
local property, largely independent of the nature of the hydrogen
bond itself; different values forFc,HB arise due to different
donor-acceptor distances, and not necessarily from an intrinsi-
cally stronger or weaker hydrogen bond. This finding is

consistent with the work of Alkorta et al.,90 who found that the
electron density at the hydrogen bond critical point is an additive
property for a large number of complexes; one would only
expect additivity if the nonlocal influences on the interactions
are minimal. This is also consistent with the work of Grabows-
ki,91 who found by factor analysis that the dependency of the
hydrogen bond interaction energy on various geometric and
topological properties may be explained to a large extent by
only one factor. Here, it is shown howFc,HB andr are linearly
dependent.

The variation ofFc for the other bonds in the IHB ring is
presented in Figure 4, parts a and b. The top figure displays
the data for the C-C and CdC bonds; the bottom figure
displays the data for the C-O and CdO bonds. Both figures
are qualitatively similar: the double bond has largerFc values
than the single bond, and asr decreases, both curves converge
to the same point atr ) rtrans. The carbon-carbon bonds appear
to be much more strongly affected by the nature of the
R-substituent than the carbon-oxygen bonds. Indeed, for the
carbon-oxygen bonds, onlyFc,C-O is noticeably affected:Fc,C-O

values for the nitro and cyano derivatives are systematically
higher thanFc,C-O values for the other three compounds.

The Laplacian of the electron density at a bond critical point
(∇2Fc) is another sensitive measure of the properties of a
chemical bond. Positive values of∇2Fc indicate local depletion
of electron density, or a closed-shell (CS) interaction, while
negative values of∇2Fc indicate local concentration of electron
density, or a shared-shell (SS) interaction. The Popelier criteria
for hydrogen bonding require that the value of the Laplacian at
the hydrogen bond critical point (∇2Fc,HB) should be between
0.02 and 0.15 au. Shown in Figure 5 are plots of∇2Fc,HB and
∇2Fc,OH vs r. We note the same qualitative behavior as in the
case ofFc: as the oxygen atoms are well separated,∇2Fc,OH is
strongly negative, indicating an isolated covalent bond, and
∇2Fc,HB is just barely above zero. However, even forr ) 2.6
Å, ∇2Fc,HB exceeds the minimum Popelier criterion for hydrogen
bonding. Unlike the case forFc,HB, however,∇2Fc,HB remains,
more or less, within the range of 0.02-0.15 au throughout the
weak- to intermediate-strength hydrogen-bonding region, reach-
ing a value of 0.141 au at equilibrium and a maximum value of
0.165 au atr ) 1.5 Å. Consistent with the findings of Pacios
and co-workers,16,17 the maximum value of∇2Fc,HB does not
correspond to the equilibrium configuration of malonaldehyde.

Figure 4. Variation of the electron density of the bond critical points
for the (a) carbon-carbon and (b) carbon-oxygen bonds in the five
molecules studied in this work. Open symbols represent the double-
bond critical point; filled symbols represent the single-bond critical
point.

TABLE 6: Fitting Parameters for Gc,HB to a Simple
Exponential Function of Hydrogen Bond Distance and
Comparison to Literature Valuesa

-X y0 (au) A (au) b (Å-1) ref

-H 0.00474( 0.00036 4.49( 0.10 2.73( 0.02 b
-F 0.00443( 0.00031 4.29( 0.09 2.69( 0.02 b
-Cl 0.00443( 0.00032 4.33( 0.09 2.70( 0.02 b
-CN 0.00486( 0.00039 4.59( 0.11 2.74( 0.02 b
-NO2 0.00486( 0.00039 4.57( 0.10 2.74( 0.02 b

0.001 4.4 2.7 84
2.71 2.40 85
9.62( 4.00 3.2( 2.0 87
2.87( 0.43 2.32( 0.10 88
1.559 2.113 89

a Error estimates represent one standard deviation.b This work.

Figure 5. The Laplacian of the electron density at the bond critical
point for the hydrogen bond and the O-H bond in malonaldehyde.
Inset: An enhanced view of the Laplacian between-0.50 and+0.25
au. The solid vertical line represents equilibrium values.
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Once past the maximum,∇2Fc,HB then falls sharply, and∇2Fc,OH

rises sharply, untilr ) rtrans, when the two curves coalesce into
a single curve and the hydrogen bond becomes symmetric. Upon
further shrinking of the O‚‚‚O distance, both∇2Fc,HB and∇2Fc,OH

sharply decrease, with values of about one-fifth of the value
for the covalent O-H bond.

A further requirement for hydrogen bonding, which is
described by Koch and Popelier as the only one sufficient for
predicting the presence of a hydrogen bond,15 is that the
hydrogen atom and the acceptor atom must mutually penetrate.
Quantitatively, this means that the bonded radius of the hydrogen
atom (rH) and of the acceptor oxygen atom (rB) must each be
smaller than the corresponding nonbonded radii,rH

0 andrB
0, or

that ∆rX ) rX
0 - rX > 0 for X ) H and B. The bonded radius

of an atom is taken to be the distance from the nucleus to the
bond critical point, and the nonbonded radius of an atom is
conventionally defined as the distance from the nucleus to the
0.001 au contour of the electron density. In this study,rH

0 was
calculated as the distance from the H6 nucleus to the 0.001 au
contour in the direction of the O5-H6 bond in thetrans-enol
conformer; similarly,rB

0 was calculated as the corresponding
distance in the direction of the C3dO8 bond in thetrans-enol
conformer. As a practical matter, these radii were determined
by calculatingF(r) for 9-12 points in space in the direction of
the appropriate bond, and then fitting the results to a decaying
exponential as a function of the distance from the nucleus.
Presented in Figure 6 are the plots of∆rH, ∆rB, and ∆rH +
∆rB vs r for malonaldehyde. The curves for the other four
molecules are nearly identical. For all internuclear separations,
both ∆rH and ∆rB are positive, indicating the presence of
hydrogen bonding throughout. The hydrogen atom and oxygen
atom contribute to the penetration in nearly equal amounts. The
same result was found by Pacios et al.16, 17The curves are linear;
a fit of ∆rH + ∆rB vs r to a straight line yields a slope of-1.01.
It is also interesting to note that there does not appear to be a
discontinuity in∆rH + ∆rB at rtrans, indicating that while this
criterion is sufficient to establish the presence of a hydrogen
bond, it does not appear to be capable of discriminating between
symmetric and asymmetric hydrogen bonding.

B. Integrated Properties.The four Popelier criteria15 for
hydrogen bonding involving integrated topological properties
include the following: (1) energetic destabilization, (2) loss of
charge, (3) reduced volume, and (4) increased polarization of
the hydrogen atom, compared to a non-hydrogen-bonded
reference species. For purposes of comparison, thetrans-enol
tautomer is taken to be the reference compound of the five
molecules studied. It should be noted that Bickelhaupt et al.,92

in a careful study on methods of partitioning the atomic charges
of a molecule, have criticized the use of AIM-based integrated

properties in understanding molecular properties. They found
that for simple molecules, the magnitudes of the AIM-derived
integrated charges on atoms were in contradiction to well-
established chemical reactivity data on these atoms; a similar
result was found by Mandado et al.93 on a study of carbonyl
compounds. However, since the present study is more interested
in trends in molecular properties associated with variation of
the donor-acceptor distance, rather than on the quantitative
results themselves, the results arising from an AIM partitioning
of the molecular space should be generally applicable. Tables
S10-S13 of the Supporting Information contain the numerical
values associated with these integrated properties.

Shown in Figure 7a is a plot of∆EH ) EH - EH
0 , the

difference in the integrated total energy of the IHB hydrogen
atom (EH) as compared to the same quantity in the reference
compound (EH

0), for the five molecules studied. For all mol-
ecules,∆EH > 0, indicating energetic destabilization. For large
r, the destabilization is approximately 10-12 kcal/mol; asr
decreases,∆EH increases almost linearly until it reaches a
maximum of 26-33 kcal/mol atr ≈ 1.4 Å, or at approximately
the same value ofr corresponding to the maximum value of
∇2Fc. ∆EH then decreases somewhat untilr ) rtrans, at which
point∆EH falls sharply as the hydrogen atom becomes stabilized
in a three-center, four-electron bond. Malonaldehyde has the
greatest amount of energetic destabilization, while nitroma-
lonaldehyde, the compound with the strongest hydrogen bond,
has the least.

In Figure 7b is presented∆qH, or the change in the electric
charge of the hydrogen atom with respect to the reference
compound, defined analogously to∆EH. For all five compounds,
∆qH is positive, indicating a greater loss of charge for the
hydrogen atom associated with the hydrogen bond as compared
to thetrans-enol reference structure.∆qH is approximately 0.02e
at large hydrogen-bonding distances, rising to a value of 0.06-
0.08e until the symmetric-asymmetric transition is reached. At
this point,∆qH rises sharply. The hydrogen atom in malonal-
dehyde exhibits the greatest loss of charge, while the one in
nitromalonaldehyde exhibits the least.

Presented in parts c and d of Figure 7 are∆µH and ∆VH,
respectively, for the five compounds studied. The first quantity
corresponds to the change in the magnitude of the dipole
moment on the hydrogen atom, while the second corresponds
to the change in the atomic volume of the hydrogen atom. At
large values ofr, ∆µH is very small, owing to its near-spherical
shape in the absence of significant hydrogen bonding; asd
decreases,∆µH decreases rapidly untilr ) rtrans, at which point
∆µH remains fairly constant at approximately-0.12 au. This
constancy is to be expected for reasons of symmetry. On the
other hand, the change in atomic volume decreases gradually
until r ) rtrans, at which point∆VH decreases sharply. Again,
this is to be expected, as the volume of the hydrogen atom
should get more and more “squeezed” asr shrinks. The sharp
decrease on the atomic volume atr < rtransis also to be expected,
as the acceptor oxygen atom exerts a more profound “squeezing”
influence on the hydrogen atom when it is a part of a symmetric
hydrogen bond. For these two quantities, no meaningful
distinction can be made between the five compounds, as the
curves almost superimpose on one another. These quantities,
then, appear to be highly local in nature, more so than∆EH or
∆qH.

Resonance-Assisted Hydrogen Bonding.The integrated
atomic properties provided by the AIM methodology also permit
a deeper understanding into the resonance-assisted hydrogen-
bonding model. As first explained by Gilli et al.,56 and later

Figure 6. Change in the radius of the hydrogen and acceptor oxygen
atom for the hydrogen bond in malonaldehyde.
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modified by Madsen et al.,94 the RAHB effect is a “feedback
mechanism that drives the charges in the ring toward sym-
metry.”94 In other words, theπ-conjugated system provides a
means by which charge may be redistributed among the two
electronegative oxygen atoms in order to maintain electrostatic
equilibrium. Therefore, according to the RAHB model, one
would expect that as the hydrogen bond distance decreases, the
net charges on the IHB ring atoms should undergo significant
change, in a symmetric manner, while maintaining overall
electroneutrality. Figure 8 depicts a graph of the total integrated
charge on the six IHB atoms vsr for malonaldehyde, along
with the sum of the charges on the six atoms (also see
Supporting Information Table S14). One can see that in
malonaldehyde, the total IHB ring charge is negative, between
-0.15e and-0.20e, indicating that the peripheral hydrogen
atoms act as weak charge donors to the IHB ring. Furthermore,
there is very little redistribution of charge among the IHB ring
atoms asr decreases, with the exception of C1 and C3. Notably,
the integrated charges on the two oxygen atoms remain almost
constant at-1.1e each, even for H‚‚‚O distances as long as 2.6
Å. As r approachesrtrans, the charges for each atom approach
their limiting values appropriate forC2V symmetry for the
symmetric hydrogen bond. Therefore, it does not appear that
there is any significant charge transfer between the OHO
hydrogen-bonding moiety and the carbon framework as the
hydrogen bond distance decreases.

Wide variations in charge, however, are seen for C1 and C3.
For long hydrogen bond distances, C3 has almost one full unit
charge, while C1 has a charge of a little more than+0.5e. As
r decreases,qC3 decreases andqC1 increases until both approach
their limiting values of∼0.75e. The variations in charge on
these two atoms appear to be equal and opposite; Figure 9
confirms that this indeed is the case. In this figure,qC1 is plotted
versusqC3; the trend is very nearly linear, with a slope of-0.96.

This indicates that for a unit increase in charge on C1, there is
approximately a unit decrease of charge on C3, suggesting that
the charge lost by one is gained by the other.

For chloromalonaldehyde and cyanomalonaldehyde, the total
IHB ring charge is only slightly positive, between+0.01e and
+0.08e; in these compounds, the chloro and cyano substituents
act as weak electronic charge acceptors. Nitromalonaldehyde
has an IHB ring charge of between+0.21e and+0.29e,
indicating the strong electron-withdrawing effect of the nitro
substituent. Finally, fluoromalonaldehyde has a large IHB ring
charge of about+0.47e. This may be attributed to fluorine’s
strong inductive effect and good overlap between fluorine’s 2pz

orbital and theπ orbitals in the carbon system. While the nitro
group’s resonant electron withdrawing effect is well-known, its
inductive effect is not as strong as fluorine’s. Furthermore,
similar charge-transfer conclusions may be drawn for these four
compounds as for malonaldehyde. For each,qC1 and qC3 are
roughly linearly proportional; the slope of theqC1 vs qC3 line is
-0.84,-0.89,-0.98, and-1.08 for the fluoro, chloro, cyano,
and nitro derivatives, respectively. The general trend which
emerges is that the compounds exhibiting the strongest hydrogen
bonds have the largest degree of charge transfer between C1

and C3. This is to be expected, since the strongest hydrogen
bonds have the shortest CdC and C-C bonds, thereby enabling
greater overlap between the 2pz atomic orbitals on the three
carbons and a more fully delocalizedπ-type HOMO on the three
carbons.

An understanding of the nature of the charge redistribution
in the IHB ring may be achieved by inspecting thezz-component
of the atomic quadrupolar tensor,Qzz, for these six atoms. The
atomic quadrupolar tensor measures the asymmetry of the
atomic charge density;Qzz examines the magnitude of the
π-electron distribution on a particular atomic center. Presented
in Table S15 of the Supporting Information, and in Figure 10,

Figure 7. Changes in (a) the integrated atomic energy, (b) the integrated atomic charge, (c) the integrated dipole moment, and (d) the integrated
atomic volume of the hydrogen-bond hydrogen atom as compared to the corresponding property in the trans-enol conformer for the five molecules
studied in this work.
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are theQzzvalues for the six IHB ring atoms in malonaldehyde.
As expected, the hydrogen atom has the least asymmetric charge
density along thez-axis, with values ofQzz close to zero, and
C2 has the most asymmetric charge density along thez-axis,
with strongly negative values ofQzz. Both of these quantities
are relatively insensitive to variations in hydrogen-bonding
distance. However, we see that C1 and O5, on the donor side of
the molecule, experience increasing values ofQzzasr decreases,
indicating a less asymmetric charge distribution along thez-axis,
while C3 and O8, on the acceptor side of the molecule,
experience decreasing values ofQzzasr decreases, indicating a
more asymmetric charge distribution along thez-axis as r
decreases. In other words, the electron density for C1 and O5

becomes less “π-like”, and the electron density for C3 and O8

becomes more “π-like”, as r decreases. Finally, atr ) rtrans,
Qzz for C1 and C3 become equivalent, along withQzz for O5

and O8. Noticeably, there is no evidence of a transition occurring
at the equilibrium geometry;Qzz for all atoms varies smoothly
over all hydrogen-bonding distances for whichr > rtrans. Thus
the mere redistribution ofπ-electron density cannot explain why

malonaldehyde adopts the equilibrium configuration that it does,
as is implied by referring to RAHB as a “feedback mechanism”.
Instead, the redistribution ofπ-electron density in the IHB ring
appears to be areaction to hydrogen bond formation. Indeed,
since hydrogen-bond formation is inherently aσ-type interaction,
the π-electron framework can really only serve as a spectator
in the bond formation process. This interpretation is consistent
with recent studies95,96 on the nature of hydrogen bonding in
DNA base pairs, which showed negligibleπ-electron transfer
upon formation of A-T and G-C complexes. It is also consistent
with theoretical NMR studies on malonaldehyde and its saturated
analogues,97,98 which found that the scalar coupling constants
between donor and acceptor atoms were largely unaffected by
the presence of aπ-electron framework connecting the two;
instead, the distance between donor and acceptor was primarily
responsible for the magnitude of the coupling. A very recent
ab initio valence bond study has also examined the effect of
resonance on intermolecular hydrogen bonding.99 In this study,
the authors found that upon “switching on” the resonance effect,
the hydrogen bond interaction energies were larger than if the
π electrons were not permitted to delocalize. This increase in
interaction energies, however, was overwhelmingly due to the
electrostatic interaction between the donor and acceptor. The
present findings confirm this interpretation:π electrons delo-
calize in malonaldehyde and its derivatives due to an inductive
effect, and it is the proximity of the donor and acceptor that is
chiefly responsible for the strength or weakness of the corre-
sponding hydrogen bond. This view is also consistent with recent
work on σ/π separability,100,101 in which the σ electrons are
viewed as establishing the rigid bonding framework of the
molecule while theπ electrons rearrange and delocalize, where
appropriate, in reaction to theσ-bonding.

Conclusions

In this study, the structural, energetic, vibrational, and
topological properties of the intramolecular hydrogen bond in
malonaldehyde and four of its derivatives were studied by using
density functional theory and a large basis set, with an aim
toward examining the nonequilibrium properties of the electron
density. Many of the same conclusions that have been drawn

Figure 8. The integrated atomic charges of the six atoms involved in
the intramolecular hydrogen bond ring in malonaldehyde, and the total
IHB charge.

Figure 9. Plot of the integrated atomic charge on C1 vs the integrated
atomic charge on C3 in malonaldehyde. Open symbols: Calculated
points. Solid curve: Fit to a straight line with slope of-1.01.

Figure 10. Plot of the zz-component of the integrated atomic
quadrupole moment tensor for the six IHB ring atoms vsr.
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for intermolecular hydrogen-bonded complexes are also valid
for the systems studied here, owing to the universal nature of
the hydrogen bond. However, some important differences were
discerned. Notably, from these calculations, it is possible to
discern a transition from asymmetric to symmetric hydrogen
bonding, which for these molecules occurs at a very short
internuclear separation of 2.24 Å, shorter than what has been
observed experimentally for neutral O-H‚‚‚O intramolecular
hydrogen bonds. Furthermore, the electron density at the bond
critical point tends to be larger for the IHBs found in this work
than for intermolecular hydrogen bonds, suggesting that the
maximum threshold forFc,HB for hydrogen bonds should be
revised upward. An analysis of the integrated AIM properties
revealed deeper insight into the RAHB model. It was found,
somewhat surprisingly, that the integrated atomic charges on
the OHO hydrogen-bonding moiety remained relatively un-
changed upon variation of the hydrogen bond distance; instead,
significant charge transfer occurred in theπ-electron framework
of the carbon atoms. Future work will focus on other common
intramolecular hydrogen-bonding motifs, such as derivatives of
â-aminoacrolein, acetylacetone, potassium hydrogen maleate,
and 9-hydroxytropolone, to derive more general relationships
about intramolecular hydrogen bonding and resonance-assisted
hydrogen bonding.
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